Seeds monitor the environment to germinate at the proper time, but different species respond differently to environmental conditions, particularly light and temperature. In Arabidopsis thaliana, light promotes germination but high temperature suppresses germination. We previously reported that light promotes germination by repressing SOMNUS (SOM). Here, we examined whether high temperature also regulates germination through SOM and found that high temperature activates SOM expression. Consistent with this, som mutants germinated more frequently than the wild type at high temperature. The induction of SOM mRNA at high temperature required abscisic acid (ABA) and gibberellic acid biosynthesis, and ABA-INSENSITIVE3 (ABI3), ABI5, and DELLAs positively regulated SOM expression. Chromatin immunoprecipitation assays indicated that ABI3, ABI5, and DELLAs all target the SOM promoter. At the protein level, ABI3, ABI5, and DELLAs all interact with each other, suggesting that they form a complex on the SOM promoter to activate SOM expression at high temperature. We found that high-temperature-inducible genes frequently have RY motifs and ABA-responsive elements in their promoters, some of which are targeted by ABI3, ABI5, and DELLAs in vivo. Taken together, our data indicate that ABI3, ABI5, and DELLAs mediate high-temperature signaling to activate the expression of SOM and other high-temperature-inducible genes, thereby inhibiting seed germination.
INTRODUCTION
Plant growth depends on ambient environmental conditions (e.g., light, moisture, nutrients, oxygen, and temperature); therefore, seeds need to monitor the environment to determine the proper timing of germination (Finch-Savage and Leubner-Metzger, 2006; Holdsworth et al., 2008; Weitbrecht et al., 2011) . Light and temperature play critical roles in regulating seed germination, but different plant seeds show different responses to light. For example, Arabidopsis thaliana seeds germinate well in the light, whereas barley (Hordeum vulgare) seeds germinate well in the dark (Jacobsen et al., 2002; Gubler et al., 2008; Seo et al., 2009 ). The effective light spectra also differ between Arabidopsis and barley, with red light-promoting seed germination in Arabidopsis and blue light-inhibiting seed germination in barley (Gubler et al., 2008; Seo et al., 2009) . Different plant species also have different optimal germination temperatures. For example, Arabidopsis and barley seeds germinate well at 10 to 20°C but show decreased germination at higher temperatures (Ali-Rachedi et al., 2004; Toorop et al., 2005; Leymarie et al., 2008; Mei and Song, 2010) , whereas some tropical plant species and halophytes in the cold desert have higher optimal germination temperatures (Martinez et al., 1992; Khan and Gul, 2006) .
Plants use several different photoreceptors to monitor different spectra of light. Phytochromes perceive red and far-red light; cryptochromes, phototropins, and zeitlupes perceive blue and UV-A light; and UV RESISTANCE LOCUS8 perceives UV-B light (Christie, 2007; Nagatani, 2010; Yu et al., 2010; Heijde and Ulm, 2012; Ito et al., 2012) . Among these photoreceptors, the phytochromes are the major photoreceptors responsible for promoting seed germination in response to red, far-red, and blue light. Arabidopsis possesses five different phytochromes, three of which promote seed germination in response to different light conditions: phytochrome A (phyA) mediates the very-low-fluence response and the far-red highirradiance response, phyB mediates the low-fluence response, and phyE mediates low-fluence response and far-red high-irradiance response to promote seed germination (Shinomura et al., 1994 (Shinomura et al., , 1996 Hennig et al., 2002; Oh et al., 2004) . Immediately downstream of phytochromes, PHYTOCHROME-INTERACTING FACTOR1 (PIF1; also known as PHYTOCHROME-INTERACTING FACTOR3-LIKE5 [PIL5]) a basic helix-loop-helix transcription factor, inhibits seed germination in the absence of active phytochromes (Oh et al., 2004) .
A previous genome-wide binding site analysis coupled with microarray analysis indicated that PIL5 binds to the promoters of 166 target genes and regulates their expression levels either positively or negatively in imbibed Arabidopsis seeds (Oh et al., 2009 ). The identified direct target genes included hormone signaling genes, such as GA-INSENSITIVE (GAI), REPRESSOR OF GA1-3 (RGA), HONSU (HON), ABSCISIC ACID-INSENSITIVE3 (ABI3), ABI5, AUXIN RESPONSE FACTOR18, CYTOKININ RESPONSE FACTOR1, and JASMONATE-ZIM-DOMAIN PROTEIN1 (JAZ1); cell wall-modifying enzyme-encoding genes, including EXPANSIN8 (EXP8), EXP10, and XYLOGLUCAN ENDOTRANSGLYCOSYLASE/ HYDROLASE28; and other known germination-regulating genes, including SOMNUS (SOM), BOTRYTIS SUSCEPTIBLE1 INTER-ACTOR, INDETERMINATE DOMAIN1/ENHYDROUS, ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN2/ARABIDOPSIS THALIANA ACTIVATION FACTOR1, and PLANT U-BOX19 (Jensen et al., 2008; Kim et al., 2008 Kim et al., , 2013 Oh et al., 2009; Bergler and Hoth, 2011; Feurtado et al., 2011; Liu et al., 2011; Park et al., 2011 Park et al., , 2013 . Changes in the expression levels of these direct target genes can alter the expression levels of many indirect target genes of PIL5, including gibberellic acid (GA) and abscisic acid (ABA) biosynthetic genes, resulting in decreased GA levels and increased ABA levels in the absence of activated phytochromes (Oh et al., 2007; Kim et al., 2008) . Thus, phytochromes appear to promote seed germination by coordinating hormone signals and loosening cell wall properties through PIL5.
The ability to monitor temperature is ecologically important for the seasonal timing of seed germination. The seeds of many winter annual plants (e.g., Arabidopsis) germinate in the cool temperatures of autumn, but not in the hot temperatures of summer (Baskin and Baskin, 1983) , indicating that plant seeds have thermoreceptors that sense and transmit temperature signals for seed germination. However, we do not yet fully understand the mechanism through which plant species sense temperature to regulate seed germination.
Downstream of the thermoreceptors, the hormones ABA and GA, which critically regulate light-dependent seed germination, play key roles in mediating the high-temperature-induced signals that regulate seed germination (Yoshioka et al., 1998; Gonai et al., 2004; Tamura et al., 2006; Argyris et al., 2008; Toh et al., 2008 Toh et al., , 2012 Chiu et al., 2012) . High temperature increases ABA levels in imbibed Arabidopsis seeds both by activating the expression of ABA biosynthetic genes, such as ABA DEFICIENT1 (ABA1), NINE-CIS-EPOXYCAROTENOID DIOXYGENASE2 (NCED2), NCED5, and NCED9, and by repressing the expression of ABA catabolic genes, such as CYP707A1, CYP707A2, and CYP707A3. High temperature also decreases GA levels by repressing the expression of GA biosynthetic genes, such as GIBBERELLIN 20-OXIDASE1 (GA20ox1), GA20ox2, GA20ox3, GIBBERELLIN 3-OXIDASE1 (GA3ox1), and GA3ox2 (Toh et al., 2008) . Consistent with the key roles played by ABA and GA, ABA-deficient mutants (e.g., aba1, aba2, and nced multiple mutants [nced2 nced5 nced9]), ABA-insensitive mutants (e.g., abi1 and abi3), and GA-negative signaling gene mutants (e.g., spindly and rga-like2 [rgl2]) germinate with higher frequency at high temperature (Tamura et al., 2006; Toh et al., 2008) . Other plant hormones, including ethylene, cytokinin, and strigolactone, also promote seed germination at high temperature (Khan and Prusinski, 1989; Matilla, 2000; Kozarewa et al., 2006; Toh et al., 2012) . In addition, a number of genetic components (e.g., TRANSPARENT TESTA7, pea [Pisum sativum] G-protein a-and b-subunits, chickpea [Cicer arietinum] APETALA2 [AP2], and wheat [Triticum aestivum] chloroplastic small heat shock proteins) and various chemicals (e.g., CO 2 , 2-4-[carboxyphenyl]-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, chlorogenic acid, bovine hemoglobin, isoprene, and glycinebetaine) affect seed germination at high temperature (Saini et al., 1986; Tamura et al., 2006; Misra et al., 2007; Shukla et al., 2009; Hossain et al., 2010; Li et al., 2011; Chauhan et al., 2012) . However, the relationships among these components have not yet been clarified.
Of the PIL5 target genes, SOM encodes a CCCH-type zinc finger protein known to inhibit light-dependent seed germination by increasing the expression of ABA biosynthetic genes and decreasing the expression of GA biosynthetic genes (Kim et al., 2008) . Expression analysis indicated that PIL5 and ABI3 collaboratively regulate SOM mRNA levels, suggesting that SOM also functions downstream of ABI3 (Park et al., 2011) . Since ABI3 negatively regulates seed germination at high temperature (Tamura et al., 2006) , we herein investigated whether SOM also inhibits seed germination at high temperature.
We found that high temperature activated SOM mRNA expression and increased SOM protein levels. Consistent with these expression patterns, som mutants germinated at higher frequencies than wild-type seeds at high temperature, whereas SOM-overexpressing lines germinated at lower frequencies than the wild type at high temperature. The induction of SOM mRNA by high temperature required ABA and GA biosynthesis, as well as signaling components including ABI3, ABI5, and DELLAs. Chromatin immunoprecipitation (ChIP) assays further showed that ABI3, ABI5, and DELLAs are targeted to similar regions of the SOM promoter. In addition, in vitro and in vivo protein-protein interaction assays indicated that ABI3, ABI5, and DELLAs interact with each other. Together, our findings indicate that ABI3, ABI5, and DELLAs act together to activate SOM expression at high temperature in Arabidopsis.
RESULTS

High Temperature Induces SOM Expression to Inhibit Seed Germination
We previously showed that light promotes seed germination partly by inhibiting the PIL5-mediated expression of SOM, which encodes a CCCH-type zinc finger protein that activates ABA biosynthesis and represses GA biosynthesis in imbibed seeds (Kim et al., 2008) . Since high temperature also inhibits seed germination by activating ABA biosynthesis and repressing GA biosynthesis (Toh et al., 2008; Chiu et al., 2012) , we herein examined whether SOM inhibits seed germination at high temperature. We first determined the germination frequencies of som mutants (som-2 and som-3) and cauliflower mosaic virus 35S promoterdriven FLAG-tagged SOM-overexpressing lines (SOM-FLAG1 and SOM-FLAG2; see Supplemental Figure 1 online) at various temperatures. Seeds were sown on plates and irradiated with a far-red light pulse (5 min) followed by a red light pulse (5 min) to activate phyB (phyB on ). The seeds were then incubated in the dark for 5 d at various temperatures. The wild type ), the two som mutants, and the two SOM-overexpressing lines showed >80% germination at 23°C ( Figure 1A ), indicating that the red light pulse was sufficient to stimulate germination at 23°C. When seeds were incubated at higher temperatures, however, the germination frequencies decreased. Col-0 germinated ;90% at 23°C, 70% at 26°C, 15% at 29°C, and 0% at 32°C and 35°C. The two som mutants germinated at higher frequencies than the wild type at higher temperatures (;20% at 32°C). By contrast, the two SOM-overexpressing lines germinated at lower frequencies than the wild type at higher temperatures (only ;25% at 26°C). These results indicate that SOM inhibits seed germination not only during phy-mediated seed germination but also under high temperatures.
Light regulates SOM expression during seed germination; therefore, we examined if high temperature also regulates SOM expression. We first determined the mRNA levels of SOM in Col-0 seeds that were irradiated with a far-red light pulse followed by a red light pulse and incubated in the dark for 12 h at either 23 or 32°C. Our results revealed that the SOM mRNA level was more than twofold higher in seeds incubated at 32°C compared with those incubated at 23°C ( Figure 1B ). To examine if this increase in SOM mRNA corresponded to a higher level of SOM protein, we generated an antibody against the SOM protein and examined Col-0 seeds incubated in the dark for 12 h at either 23 or 32°C. Consistent with the increased SOM mRNA expression levels seen in seeds at high temperature, SOM protein levels were higher in seeds incubated at 32°C compared with those incubated at 23°C ( Figure 1C ). These results indicate that high temperature induces SOM expression, which in turn inhibits seed germination. However, the germination of som mutants was inhibited at 35°C, further suggesting that high temperature inhibits not only through SOM but also through other genetic components.
High Temperature Induces SOM Expression through ABA and GA Signaling Since high temperature increases ABA biosynthesis and decreases GA biosynthesis (Toh et al., 2008; Chiu et al., 2012) , we examined whether ABA and GA biosynthesis are required for the high-temperature-mediated induction of SOM mRNA expression. First, we determined SOM mRNA levels in ABA-deficient mutant (aba2) and GA-deficient mutant (ga1) seeds incubated at 23 or 32°C. We found that SOM mRNA expression was lower in the aba2 mutant and higher in the ga1 mutant compared with the wild type, irrespective of temperature ( Figure 2A ; see Supplemental Figure 2 online). Consistent with the expression patterns of SOM mRNA, the aba2 mutant germinated at higher frequencies than the wild type at high temperatures, whereas the ga1 mutant did not germinate ( Figure 2B ). This indicates that high temperature requires both ABA and GA biosynthesis to induce SOM mRNA expression. Our observation that SOM mRNA levels decreased in the aba2 mutant and increased in the ga1 mutant further suggests that SOM mRNA expression is activated by ABA and repressed by GA. Consistent with this, ABA treatment increased SOM mRNA levels in the aba2 mutant, and GA treatment decreased SOM mRNA levels in the ga1 mutant (see Supplemental Figure 2 online).
We further investigated which ABA-and GA-signaling components were responsible for the induction of SOM mRNA at high temperature. Since previous studies showed that ABI3 and RGL2 (which are ABA-positive and GA-negative signaling components, respectively) inhibit seed germination at high temperature (Tamura et al., 2006; Toh et al., 2008) , we herein examined whether the ABI3 and DELLA proteins could activate SOM mRNA expression at high temperature. For this experiment, we used a DELLA pentuple mutant (rga-28 gai-t6 rgl1 rgl2 rgl3-3; dellaP), which lacks all of the DELLA proteins, and two abi3 mutants (abi3-sk11 and abi3-sk22) caused by T-DNA insertion at the first exon (in the B2 and B1 domain, respectively) (Kotak et al., 2007; Park et al., 2011 Park et al., , 2013 . Both abi3 and dellaP expressed lower levels of SOM mRNA than the wild type at 23°C ( Figure 2C) . Notably, SOM mRNA expression was not induced by incubation at high temperature in these mutants, indicating that SOM mRNA induction at high temperature requires ABI3 and DELLA. Consistent with the reduced expression of SOM mRNA in these mutants, both abi3 and dellaP germinated well even at 32°C ( Figure 2D ). Taken together, our results suggest that ABI3 and DELLA activate SOM expression in response to increased ABA levels and decreased GA levels in seeds incubated at high temperature. The dependence of SOM induction on both ABI3 and DELLAs further suggests that these proteins require each other to induce SOM expression at high temperatures.
A subset of basic Leu zipper proteins (the group A bZIPs) including ABI5 mediates ABA signaling under various conditions (Jakoby et al., 2002; Corrêa et al., 2008; Fujita et al., 2011) . Since it was difficult to obtain a loss-of-function mutant lacking all 13 group A bZIPs, we generated 35S-driven FLAG-tagged ABI5-overexpressing lines (ABI5-FLAG1 and ABI5-FLAG2; see Supplemental Figure 1 online) and examined their SOM mRNA expression levels in seeds incubated at 23 or 32°C. In ABI5-overexpressing lines, the SOM mRNA levels were higher than those in the wild type at both 23 and 32°C ( Figure 2E ). Consistent with the increased expression of SOM mRNA, ABI5-overexpressing lines were hypersensitive to high temperature in the context of seed germination ( Figure 2F ). Taken together, our results indicate that ABI3 and ABI5 mediate high-temperature-associated ABA signaling to activate SOM expression during seed germination.
ABI3, ABI5, and DELLAs Target the SOM Promoter in Vivo
The SOM promoter has two RY motifs (CATGCA; Figure 3A ), which are targeted by ABI3 to activate SOM expression during seed development (Park et al., 2011) . The SOM promoter also possesses two ABA-responsive elements (ABREs; Figure 3A ), which are known binding sites for group A bZIPs (Choi et al., 2000; Uno et al., 2000; Bensmihen et al., 2002; Carles et al., 2002; Narusaka et al., 2003; Nakashima et al., 2006; Kim et al., 2011; Wang et al., 2013) . The presence of these elements prompted us to examine whether ABI3 and ABI5 target the SOM promoter at high temperature to activate SOM expression. Since DELLA proteins also target the promoters of a few GA-responsive genes, presumably by interacting with other DNA binding transcription factors (Zentella et al., 2007; Park et al., 2013) , we also examined whether DELLAs target the SOM promoter.
We performed ChIP assays using antibodies against ABI3, ABI5, and RGA in wild-type and sly1 mutant seeds ( Figure 3 ; see Supplemental Figure 3 online) or FLAG and MYC antibodies in 35S-driven ABI3-FLAG, ABI5-FLAG1, and GAI-MYC transgenic seeds (see Supplemental Figures 1 and 4 online). Seeds were irradiated with a far-red light pulse followed by a red light pulse and incubated in the dark for 6 h at either 23 or 32°C. Our results revealed that ChIP with ABI3 enriched fragments F3 to F5 of the SOM promoter more than fourfold ( Figure 3B ); by contrast, control ChIP with resin alone did not enrich these fragments ( Figure 3C , inset). The enrichment of F4, which does not contain a RY motif, is likely due to the relatively short distance from the F4 fragment to the two RY motifs (608 and 629 bp). Unlike fragments F3 and F5, which contain two ABI3 binding RY motifs (Park et al., 2011) , fragments F1 and F2, which contain another RY motif between them, were not enriched by ABI3. The ABI3-mediated enrichment of the SOM promoter did not significantly differ between seeds incubated at 23 and 32°C, indicating that high temperature did not affect the occupancy of ABI3 on the SOM promoter under these conditions. Similar to ABI3, ChIP with ABI5 also strongly enriched fragments F3, F4, and F5, but not fragments F1 and F2 ( Figure 3C ). As seen for the RY motifs, not all of the ABREs were enriched by ChIP with ABI5, as nonenriched fragment F2 also contains an ABRE ( Figure 3A ). High temperature did not affect the enrichment of the SOM promoter by ABI5 ChIP ( Figure 3C ). RGA also enriched fragments F3 to F5 but not fragments F1 and F2 of the SOM promoter in the sly1 mutant seeds that accumulate DELLA proteins ( Figure 3D ). High temperature did not affect the enrichment of the SOM promoter by RGA ( Figure 3D ). Similar to ChIP for endogenous ABI3, ABI5, and RGA, ChIP for 35S-driven ABI3-FLAG, ABI5-FLAG, and GAI-MYC also enriched SOM promoter fragments at both temperatures (see Supplemental Figure 4 online). Taken together, these results indicate that ABI3, ABI5, and DELLAs all target the same regions of the SOM promoter to activate SOM mRNA expression. Since the targeting was not affected by high temperature, our results suggest that this temperature change does not alter the intrinsic DNA binding abilities of ABI3, ABI5, and DELLAs to the SOM promoter at the resolution of our experimental setup and further suggest that high temperature activates SOM expression either by increasing protein levels or activities of these factors.
ABI3, ABI5, and DELLA Proteins Bind to Each Other
Since ABI3 and ABI5 (but not DELLAs) are DNA binding proteins, and ABI3, ABI5, and DELLAs showed the same enrichment pattern for the SOM promoter, we speculated that DELLA proteins may target the SOM promoter by physically interacting with ABI3 and/or ABI5 proteins. To investigate this possibility, we first performed in vitro coprecipitation assays using recombinant glutathione S-transferase-fused GAI (GST-GAI) and maltose binding protein-fused ABI3 (MBP-ABI3) proteins. We found that GST-GAI was coprecipitated by MBP-ABI3 but not by MBP alone ( Figure  4A ), indicating that GAI and ABI3 interact with each other in vitro. Next, we performed in vivo coprecipitation assays using 35S-driven ABI3-FLAG and GFP-FLAG (for green fluorescent protein) transgenic seedlings to examine if ABI3-FLAG can coprecipitate endogenous RGA in vivo. We found that ABI3-FLAG coprecipitated (A) Germination of the wild type (Col-0), som mutants, and SOMoverexpressing seeds at various temperatures. The top diagram indicates the light treatments and seed incubation conditions. 1 h, 1 h of imbibition during seed sterilization and sowing on plates; FR/R, irradiation with 5 min of far-red light followed by red light. After irradiation, plates were incubated in the dark at 23, 26, 29, 32, or 35°C for 5 d. The graph shows the germination frequencies of three independent seed batches incubated at the indicated temperatures (SD, n = 3). SOM-FLAG1 and -FLAG2 refer to 35S: SOM-FLAG transgenic lines. (B) Induction of SOM mRNA expression in Col-0 by high temperature. The top diagram indicates the light treatments and seed incubation conditions. Dark-incubated seeds were sampled for total RNA extraction, and SOM mRNA levels were quantified by quantitative RT-PCR and normalized with respect to the PP2A mRNA level. The graph shows the relative SOM mRNA levels (SOM/PP2A) in seeds incubated at 23 or 32°C. Error bars indicate the SD of three biological replicates (n = 3). (C) Induction of SOM protein levels in Col-0 by high temperature. The top diagram indicates the light treatments and seed incubation conditions. Dark-incubated seeds were sampled for total protein extraction, and SOM protein levels were detected by immunoblotting assays using an anti-SOM antibody. RPT5 protein levels (loading control) were detected using an anti-RPT5 antibody. As a negative control, som-3 mutant seeds were analyzed in parallel. The top diagrams indicate the light treatments and seed incubation conditions. (A) Relative SOM mRNA levels in Col-0, aba2 mutant, and ga1 mutant seeds incubated at 23 or 32°C. The relative SOM mRNA level (SOM/PP2A) observed in Col-0 seeds incubated at 23°C was set to 1. Error bars indicate the SD of three biological replicates (n = 3). Asterisks indicate statistical differences between wild-type and mutant values for a given temperature (P < 0.01, Student's t test). FR/R, irradiation with 5 min of far-red light followed by red light. (B) Germination of Col-0, aba2 mutant, and ga1 mutant seeds at various temperatures. The graph shows the germination frequencies of three independent seed batches incubated at the indicated temperatures (SD, n = 3). (C) Relative SOM mRNA levels in Col-0, abi3-sk11 mutant, and dellaP mutant seeds incubated at 23 or 32°C (SD, n = 3). The inset indicates relative SOM mRNA levels in the second abi3 allele (abi3-sk22).
(D) Germination of Col-0, abi3-sk11 mutant, and dellaP mutant seeds at various temperatures (SD, n = 3). The inset indicates germination of Col-0 and abi3-sk22 mutant seeds. (E) Relative SOM mRNA levels in Col-0 and 35S:ABI5-FLAG transgenic seeds (ABI5-FLAG1 and ABI5-FLAG2) incubated at 23 or 32°C (SD, n = 3). Asterisks indicate statistical differences between wild-type and transgenic line values for a given temperature (P < 0.01, Student's t test). (F) Germination of Col-0 and two 35S:ABI5-FLAG transgenic lines at various temperatures (SD, n = 3).
RGA more strongly than the GFP-FLAG control ( Figure 4B ). To further investigate if GAI interacts with ABI3 in vivo, we transiently expressed 35S-driven MYC-tagged gai-1 (gaiD-MYC) or GFP (GFP-MYC) in 35S-driven ABI3-FLAG transgenic seedlings using an agroinfiltration method (Li et al., 2009 ) and performed in vivo coprecipitation assays. Consistent with our in vitro and in vivo data, gaiD-MYC also coprecipitated ABI3-FLAG, whereas GFP-MYC did not precipitate ABI3-FLAG (see Supplemental Figure 5 online). Taken together, these results indicate that DELLAs physically interact with ABI3 at the protein level.
Next, we examined whether DELLAs also interact with ABI5. We first performed in vitro coprecipitation assays using recombinant GST-GAI and MBP-fused ABI5 (MBP-ABI5). Our results revealed that GST-GAI was coprecipitated by MBP-ABI5 but not by MBP alone (Figure 4C ), indicating that GAI and ABI5 interact with each other in vitro. We also performed in vivo coprecipitation assays using 35S-driven ABI5-FLAG1 and GFP-FLAG transgenic seedlings to examine if ABI5-FLAG can coprecipitate endogenous RGA in vivo. We found that ABI5-FLAG coprecipitated endogenous RGA more strongly than GFP-FLAG ( Figure 4D ). We also transiently expressed the 35S-driven gaiD-MYC protein in 35S-driven ABI5-FLAG1 and GFP-FLAG transgenic seedlings using the agroinfiltration method and determined whether ABI5-FLAG could coprecipitate gaiD-MYC. Consistent with the results of our in vitro and in vivo coprecipitation assay, ABI5-FLAG coprecipitated gaiD-MYC more strongly than GFP-FLAG control (see Supplemental Figure 5 online). Together, our findings indicate that DELLAs physically interact with ABI5 at the protein level.
Since ABI3 is known to interact with ABI5 and other group A bZIP proteins (Hobo et al., 1999; Nakamura et al., 2001; BrocardGifford et al., 2003; Finkelstein et al., 2005; Marella et al., 2006; Park et al., 2011; Tezuka et al., 2013) , our results together with the previous findings suggest that ABI3, ABI5, and DELLAs interact with each other on the SOM promoter to activate SOM mRNA expression at high temperature.
A Subset of High-Temperature-Inducible Genes Requires Both ABI3 and DELLAs
Since SOM requires both ABI3 and DELLAs for induction at high temperature, we examined whether other high-temperature- (B) ChIP assays were performed with anti-ABI3 antibody (a-ABI3) in Col-0 seeds incubated at 23 or 32°C. The top diagram indicates the light treatments and seed incubation conditions. The coprecipitated level of each DNA fragment was quantified by real-time PCR and normalized with respect to the input DNA. The relative coprecipitated levels (immunoprecipitated DNA/input DNA) of each F1 were set to 1, and the relative enrichments of the other fragments compared with F1 (/F1) are shown in the graph. Em6 indicates a genomic DNA fragment of Em6 promoter (used as a specific binding control). Error bars indicate the SD of four biological replicates (n = 4). FR/R, irradiation with 5 min of far-red light followed by red light. (C) ChIP assays were performed with anti-ABI5 antibody (a-ABI5) in Col-0 seeds incubated at 23 or 32°C (SD, n = 4). The inset indicates ChIP assays in Col-0 seeds with resin alone (-Ab). (D) ChIP assays were performed with anti-RGA antibody (a-RGA) in sly1 mutant seeds incubated at 23 or 32°C (SD, n = 4). SCL3 indicates a genomic DNA fragment of SCL3 promoter (used as a specific binding control). The inset indicates ChIP assays in sly1 mutant seeds with resin alone (-Ab).
inducible genes might also require both ABI3 and DELLAs. To first determine whether ABA and GA regulate any other hightemperature-inducible genes in imbibed seeds, we reanalyzed previous microarray data representing high-temperature-inducible genes in imbibed seeds (wild-type seeds imbibed for 24 h at 32°C under continuous white light) (Chiu et al., 2012) , ABA upregulated genes in imbibed seeds (wild-type seeds imbibed in 30 mM ABA for 24 h at 22°C under continuous white light) (Goda et al., 2008) , and GA downregulated genes in imbibed seeds (ga1 mutant seeds treated with 5 mM GA 4 for 9 h under continuous white light after cold imbibition for 48 h) (Goda et al., 2008) . From these microarray data, we extracted 1368 genes that were upregulated by high temperature ([heat-up] , log 2 fold change [FC] > 0.85, P < 0.05), 221 genes that were upregulated by ABA ([ABA-up], log 2 FC > 0.85, P < 0.05), and 706 genes that were downregulated by GA ([GA-down], log 2 FC < 20.85, P < 0.05) ( Figure 5A ; see Supplemental Data Set 1 online). Our comparison revealed that 108 (the subset D) of the 1368 high-temperature-inducible genes were both upregulated by ABA and downregulated by GA ( Figure  5A ; see Supplemental Data Set 1 online). The subset D genes (which included SOM) were significantly overrepresented among the high-temperature-inducible genes (hypergeometric test, P = 2.61 3 10 2123 ). To experimentally determine the dependency of the subset D genes on ABI3 and DELLAs, we randomly picked nine of the 108 genes and determined their expression levels in abi3 and dellaP mutant seeds incubated in the dark for 12 h at either 23 or 32°C. All nine genes were induced by high temperature in wild-type seeds, but they were expressed at low levels irrespective of temperature in the abi3 and dellaP mutants ( Figure  5B ). Taken together, these results indicate that a subset of hightemperature-inducible genes requires both ABI3 and DELLAs for their increased expression at 32°C.
Since the SOM promoter contains RY motifs and ABREs that appear to be important for its induction by high temperature, we examined whether the promoters of the subset D genes were enriched for RY motifs and/or ABREs. When the sequence of 1.5 kb upstream from the start codon was defined as the promoter, the subset D genes had high percentages of promoters possessing RY motifs (76%), ABREs (64%), or both (47%) ( Table 1) . This was significantly higher than the percentage of all Arabidopsis gene promoters harboring RY motifs (40%), ABREs (44%), or both (19%), respectively (hypergeometric test, P < 0.0001) ( Table 1) . Consistent with the enrichment of RY and ABRE motifs, the heat map analysis and gene set enrichment analysis (GSEA) indicate that the subset D genes are significantly repressed in abi3, abi4, and abi5 mutant seeds (false discovery rate < 0.001; see Supplemental Figure 6 online) (Nakabayashi et al., 2005; Subramanian et al., 2005; Nakashima et al., 2009) . Among the 1368 high-temperature-inducible genes, the 937 genes (the subset G) that were neither upregulated by ABA nor downregulated by GA had lower percentages of promoters containing RY motifs, ABREs, or both, compared with the subset D genes (Table 1) . These results indicate that the subset D gene promoters are highly enriched for RY motifs and/or ABREs.
We next determined if ABI3, ABI5, and DELLAs also target the promoters of the subset D genes. From the nine genes that were experimentally shown to require both ABI3 and DELLAs for their expression ( Figure 5B ), we randomly picked three genes and -up] , log 2 FC > 0.85, P value < 0.05), GA downregulated genes ([GA-down], log 2 FC < 20.85, P value < 0.05), and high-temperature-inducible genes ([heat-up] , log 2 FC > 0.85, P value < 0.05), as determined from previously published microarray data (Goda et al., 2008; Chiu et al., 2012) . Subsets are indicated by uppercase letters (A to G), and the numbers of genes are given in parentheses.
performed ChIP assays using antibodies against endogenous ABI3, ABI5, and RGA in wild-type and sly1 mutant seeds ( Figure  5C ) or FLAG and MYC antibodies in 35S-driven ABI3-FLAG, ABI5-FLAG1, and GAI-MYC transgenic seeds (see Supplemental Figure  7 online). As seen for the SOM promoter, ABI3, ABI5, and RGA all enriched the promoter fragments of the three subset D genes ( Figure 5C ); by contrast, control ChIP with resin alone did not enrich these fragments ( Figure 5C, inset) . Similarly, ABI3-FLAG, ABI5-FLAG, and GAI-MYC also enriched the promoter fragments of the three subset D genes in transgenic seeds (see Supplemental Figure 7 online). Together, these results indicate that ABI3, ABI5, and DELLAs target the subset D gene promoters to activate their expression at high temperature.
DISCUSSION
Here, we show that ABI3, ABI5, and DELLAs form a complex on promoters of a subset of high-temperature-inducible genes (which include SOM), thereby activating their expression in response to high temperature ( Figure 5D ).
ABI3 Directly Activates SOM Expression at High Temperature
Our analyses indicated that SOM expression is regulated by ABI3 in combination with various factors under different developmental and environmental conditions. At high temperature, we found that ABI3 and ABI5 directly target the SOM promoter and activate its expression. Since ABI3 and ABI5 are positive regulators of ABA signaling, the induction of SOM by these factors is consistent with the lower expression of SOM mRNA in the aba2 mutant irrespective of temperature. These findings are also consistent with a previous report showing that ABA biosynthesis and signaling are increased at high temperature (Toh et al., 2008) . Thus, light and high-temperature signals are integrated at the SOM promoter through ABI3 in combination with either PIL5 (dark) or ABI5 (high temperature) to regulate SOM expression in imbibed seeds. During seed maturation, ABI3 is known to be important for regulating SOM expression (Park et al., 2011) . Since seed maturation is characterized by high ABA signaling, it is expected that SOM expression is also regulated by ABI3 in combination with ABI5 or other group A bZIPs during seed maturation. Consistent with this, SOM mRNA levels are twofold lower in abi3 and abi5 mutant dry seeds than in wild-type dry seeds (see Supplemental Figure 6C online) (Nakabayashi et al., 2005; Nakashima et al., 2009) .
The combined action of ABI3 with other transcription factors might stem from promoter characteristics (i.e., the presence of RY motifs and multiple other sequence elements). The SOM promoter possesses two ABI3 binding RY motifs, located on fragments F3 and F5 (Park et al., 2011) , as well as two group A bZIP binding ABREs ([C/T]ACGTG; Figure 3A) . One of these ABREs is located near the fragment F3 (TACGTG; 25 bp from the downstream end of F3) ( Figure 3A ). In addition, the SOM promoter possesses multiple E-box motifs (CANNTG), including the PIF binding E-box (CACATG) on the fragment F5 (Kim et al., 2008; Zhang et al., 2013) . Since E-box motifs are also binding sites for group A bZIPs (Kim et al., 1997) , the PIF binding E-box could serve as a binding site for both PIL5 and group A bZIPs. The enrichment of RY motifs and/or ABREs was not restricted to the SOM promoter, as these elements were also enriched in the promoters of the subset D genes (Table 1) . A recent report showed that promoters of ABI3 regulons in developing seeds are characterized by a strong coupling between ABI3 binding RY motifs and G-box like elements (ACGTG[T/G]C), which may serve as group A bZIP binding sites (Mönke et al., 2012) . One such gene, AT2G31980, was shown to be regulated not only by ABI3 but also by ELONGATED HYPOCOTYL5, PIL5, AGAMOUS-LIKE9, and AP2 (Mönke et al., 2012) , further suggesting that ABI3 functions with other transcription factors on promoters that harbor RY motifs and other coupling elements.
The combined action of ABI3 with other transcription factors could be further facilitated by protein-protein interactions. ABI3 and PIL5 were previously shown to be targeted to fragments F3 and F5 (Kim et al., 2008; Park et al., 2011) , and this study further showed that ABI5 also target fragments F3 and F5. The targeting of these factors to both fragments could be due to the presence of their recognition sequences on both fragments. Alternatively, since ABI3 is known to interact with both group A (B) Relative mRNA levels of nine representative genes from subset D in Col-0, abi3-sk11 mutant, and dellaP mutant seeds incubated at 23 or 32°C. The top diagram indicates the light treatments and seed incubation conditions. Relative mRNA levels of each gene (/PP2A) in Col-0 seeds incubated at 23°C were set to 1. Error bars indicate the SD of three biological replicates (n = 3). The inset indicates relative mRNA levels in the second abi3 allele (abi3-sk22). FR/R, irradiation with 5 min of far-red light followed by red light. (C) ChIP assays were performed with anti-ABI3 (a-ABI3) and anti-ABI5 (a-ABI5) antibodies in Col-0 and anti-RGA antibody (a-RGA) in sly1 mutant seeds incubated at 23 or 32°C. The top diagram indicates the light treatments and seed incubation conditions. The schematic diagrams represent the locations of the RY motifs (closed vertical bars) in the promoters of AT4G36700, AT5G22470, and AT5G62800. The arrow starts from the translation start site, the closed horizontal bars indicate genomic DNA fragments used for the ChIP assays, and PP2A indicates an intragenic DNA fragment of PP2A (lacking the RY motif, used as a nonspecific binding control). The relative coprecipitated levels (immunoprecipitated DNA/input DNA) of each PP2A were set to 1, and the relative enrichments of the other fragments compared with PP2A (/PP2A) are shown in the graph. Error bars indicate the SD of four biological replicates (n = 4). Insets indicate ChIP assays with resin alone (-Ab). (D) A proposed model. High temperature activates SOM expression via increased ABA biosynthesis and decreased GA biosynthesis. ABI3, ABI5, and DELLA proteins mediate ABA and GA signaling to induce SOM expression. ABI3, ABI5, and DELLA proteins target the SOM promoter in vivo and bind to each other at the protein level, suggesting that they form a complex on the SOM promoter and coactivate SOM expression at high temperature. This increased SOM should further increase ABA biosynthesis and decrease GA biosynthesis, forming a positive feedback loop. Thus, seed germination is strongly inhibited at high temperature. bZIPs, including ABI5 and PIL5 (Hobo et al., 1999; Nakamura et al., 2001; Brocard-Gifford et al., 2003; Finkelstein et al., 2005; Park et al., 2011; Tezuka et al., 2013) , their enrichment could be facilitated by the formation of a protein complex between ABI3 and other transcription factors on the SOM promoter. Such proteinprotein interactions could strengthen an otherwise weak targeting of transcription factors to a promoter.
DELLAs Are Targeted to the Promoters of Subset D Genes to Activate Their Expressions at High Temperature
Our analyses indicated that DELLA proteins are also required to activate SOM expression at high temperature, as shown by the increased expression of SOM mRNA in the ga1 mutant irrespective of temperature and the decreased expression of SOM mRNA in the dellaP mutant irrespective of temperature in imbibed seeds. ChIP assays further showed that RGA and GAI target the SOM promoter to activate SOM expression at high temperature. RGA and GAI also targeted the subset D gene promoters. Since DELLAs are not thought to be direct DNA binding proteins, the physical interaction among DELLAs, ABI3, and ABI5 may facilitate the targeting of DELLAs to the promoters of SOM and other subset D genes. Consistent with this possibility, RGA and GAI also enriched fragments F3 and F5 of the SOM promoter in our ChIP assays.
The induction of SOM and other high-temperature-inducible genes by DELLAs supports the notion that DELLAs could regulate gene expression by targeting specific gene promoters. This targeting model was previously proposed based on reports that DELLAs target the promoters of various genes, including GA INSENSITIVE DWARF1 (GID1a), GID1b, MYB (AT3G11280), BASIC HELIX-LOOP-HELIX137, WRKY27, SCARECROW-LIKE3 (SCL3), LOB DOMAIN-CONTAINING PROTEIN40, XERICO, EXP8, PACLOBUTRAZOL RESISTANCE1 (PRE1), and PRE5 (Zentella et al., 2007; Gallego-Bartolomé et al., 2011; Park et al., 2013) , and was further supported by the observation that DELLA activity was modulated upon fusion to transcription activation (VP16) or repression (SRDX) motifs (Hirano et al., 2012) . Consistent with this targeting model, our data indicated that DELLAs physically interact with ABI3 and ABI5 (which are transcription factors) and cotarget the promoters of the subset D genes. This targeting model contrasts with the interfering model, which states that DELLAs regulate gene expression by interacting with various transcription regulators and inhibiting either their binding to DNA (PIF3, PIF4, and BRASSINAZOLE-RESISTANT1) or their binding to other DNA binding proteins (JAZ1 to MYC2) (de Lucas et al., 2008; Feng et al., 2008; Hou et al., 2010; Bai et al., 2012; Gallego-Bartolomé et al., 2012) . We do not yet know what properties of this interaction allow DELLAs to cotarget specific promoters or antagonize DNA binding. Future studies are needed to clarify the different molecular interactions underlying the different paths.
ABI3, ABI5, and DELLAs Mediate ABA and GA Signaling to Activate Genes Induced by High Temperature
Our analyses indicated that high temperature required both ABI3 and DELLAs to induce the expression of the subset D genes. We also found that the overexpression of ABI5 was sufficient to elevate SOM expression. Due to the difficulty of generating a mutant lacking all 13 group A bZIPs, we were not able to determine whether these proteins are also required to induce SOM and other subset D genes at high temperature. However, a few lines of evidence suggest that group A bZIPs may also be required to induce SOM and the other subset D genes. First, ABI3 and group A bZIPs physically interact to activate the expression of EARLY METHIONINE-LABELED6 (Em6), rice (Oryza sativa) Em, wheat Em, and bean (Phaseolus vulgaris) b-phaseolin (Hobo et al., 1999; Gampala et al., 2002; Finkelstein et al., 2005; Marella et al., 2006) . Second, in addition to ABI5, recombinant proteins of three more group A bZIPs (DPBF2, ABF1, and ABF2) also physically interact with recombinant GAI protein in vitro (see Supplemental Figure 8 online). Third, many direct target genes of ABI3 possess both RY motifs and ABREs in their promoters (Mönke et al., 2012) . Fourth, the subset D genes also tend to possess both RY motifs and ABREs in their promoters (Table 1) . Based on our present findings and the previous reports, we propose that ABI3, group A bZIPs, and DELLAs are key components inducing the subset D genes in imbibed seeds incubated at high temperature.
High temperature may not induce the expression of these genes by enhancing the DNA binding activities of ABI3, ABI5, and DELLAs per se, as shown by the constitutive targeting of 35S-driven ABI3, ABI5, and GAI to SOM and other subset D gene promoters irrespective of temperature. Instead, high temperature may induce gene expression either by enhancing the activities of these factors or by increasing their protein levels. We found that high temperature increases SOM mRNA and protein levels but The number of genes that have more than one motif in promoters (within 1.5 kb). e The number of genes that have both of two motifs in promoters (within 1.5 kb).
does not drastically affect endogenous levels of ABI3, ABI5, and RGA at 6 h after seed imbibition (see Supplemental Figure 9 online). Previous studies have shown that the activity of ABI3 increases dramatically in the presence of ABA (Parcy et al., 1994; Ezcurra et al., 2000; Suzuki et al., 2003; Marella et al., 2006; Nakashima et al., 2006; Kotak et al., 2007; Sakata et al., 2010; Park et al., 2011) . Thus, the increased ABA level observed at high temperature is likely to potentiate the activity of ABI3 as a transcriptional regulator. The activities of group A bZIPs have also been shown to be enhanced by ABA (Hobo et al., 1999; Finkelstein and Lynch, 2000; Gampala et al., 2002; Lopez-Molina et al., 2002; Finkelstein et al., 2005; Nakashima et al., 2006; Reeves et al., 2011; Wang et al., 2013) likely via the phosphorylation of group A bZIPs by the subclass III SUCROSE NONFERMENTING 1-RELATED PROTEIN KINASE2s, which are activated by the PYRABACTIN RESISTANCE/PYR1-LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR-mediated inactivation of group A PROTEIN PHOS-PHATASE 2Cs in the presence of ABA (Furihata et al., 2006; Fujii et al., 2007 Fujii et al., , 2009 Piskurewicz et al., 2008; Nakashima et al., 2009; Umezawa et al., 2009; Dai et al., 2013; Wang et al., 2013) . Thus, the high-temperature-induced increase in ABA levels is likely to enhance the activities of group A bZIPs as transcriptional regulators. Consistently, we found that high temperature increases the expression of SOM mRNA in ABI3-FLAG but not in GFP-FLAG transgenic seedlings (see Supplemental Figure 9 online). High temperature also increases SOM promoter-driven expression of luciferase in a protoplast transfection assay with 35S:ABI3 but not with 35S:GFP. This is consistent with the hypothesis that high temperature enhances the activity of ABI3. The expression of luciferase was also enhanced with 35S:GAI and enhanced further in the presence of both 35S:ABI3 and 35S:GAI, implying that the two factors activate SOM mRNA additively. Though we did not observe the change of protein levels in early imbibition, the elevated levels of ABA likely enhance the level of ABI5 mRNA and subsequently the level of ABI5 protein in late imbibition (Hobo et al., 1999; Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001 Suzuki et al., 2003; Finkelstein et al., 2005; Nakashima et al., 2006; Piskurewicz et al., 2008; Dai et al., 2013) . Similarly, the temperature-induced reduction in GA is likely to elevate DELLA protein levels in late imbibition (Toh et al., 2008) . Based on these and previous findings, we propose that high temperature activates the expression of the subset D genes by enhancing endogenous levels of group A bZIP and DELLA proteins and by enhancing the transcriptional regulatory activities of ABI3 and group A bZIPs.
SOM May Form a Positive Feedback Loop to Establish the Binary Status of Seed Germination
SOM may form a positive feedback loop with ABI3, ABI5, and DELLAs. Previous studies showed that SOM inhibits seed germination by activating ABA biosynthesis and inhibiting GA biosynthesis (Kim et al., 2008) , and our current data indicate that high ABA and low GA levels activate SOM expression through ABI3, ABI5, and DELLAs. This increased SOM should then further activate ABA biosynthesis and inhibit GA biosynthesis, forming a positive feedback loop among these components ( Figure 5D ). A similar positive feedback loop was previously identified for the B3-domain transcription factor, FUSCA3 (FUS3), along with ABA and GA (Gazzarrini et al., 2004; Lu et al., 2010) . During seed development, FUS3 plays roles in accumulating seed storage proteins, increasing seed dormancy, increasing desiccation tolerance, and repressing the change from the cotyledon to vegetative leaves (Santos-Mendoza et al., 2008; Suzuki and McCarty, 2008) . The fus3 mutant showed reduced dormancy and seed storage protein accumulation, increased anthocyanin accumulation in seeds, and increased trichomes on cotyledons (Curaba et al., 2004; Tsuchiya et al., 2004; Tiedemann et al., 2008; Tsai and Gazzarrini, 2012) . By contrast, transgenic plants expressing FUS3 under the control of the epidermis-specific MERISTEM LAYER1 promoter showed production of cotyledon-like leaves from meristem, abnormal petal structures, seed storage protein accumulation in leaves, dwarfism, and shortened siliques (Gazzarrini et al., 2004; Lu et al., 2010) . Analyses using fus3 mutant siliques and dexamethasone-inducible FUS3 expression in seedlings showed that FUS3 activates ABA biosynthesis and inhibits GA biosynthesis (Curaba et al., 2004; Gazzarrini et al., 2004) . Interestingly, the FUS3 protein is stabilized by ABA but destabilized by GA through the C-terminal PEST domain of the FUS3 protein, suggesting the presence of a positive feedback loop among FUS3, ABA, and GA (Gazzarrini et al., 2004; Lu et al., 2010) . A characteristic feature of positive feedback loops is the ability to drive biological systems to opposite poles, thus establishing binary systems. Such binary systems have been proposed to regulate the asymmetric stem cell division in roots and the development of T lymphocytes in the thymus (Prasad et al., 2009; Cruz-Ramírez et al., 2012) . Germination might also operate in a binary mode, as the formation of half-germinated seeds would be deleterious. A classic study on seed germination showed that the germination of red light-pulsed lettuce (Lactuca sativa) seeds could be reversed by a far-red light pulse and that the degree of reversal depended on the interval between the red and far-red light pulses (Borthwick et al., 1954) . Interestingly, the relationship between germination frequency and the interval was sigmoidal, which is consistent with a binary mode of seed germination. It is tempting to speculate that the positive feedback loop formed by SOM, ABI3, ABI5, and DELLAs could contribute to establishing the binary mode of seed germination at high temperature.
METHODS
Plant Materials and Growth Conditions
Arabidopsis thaliana plants were grown with a 16-h-light/8-h-dark cycle at 22 to 24°C. Harvested seeds were dried in paper bags at 23°C for at least 1 month prior to germination assays. Col-0 was used as the wild type. The som-2 (salk_090314; Kim et al., 2008) , som-3 (salk_008075; Kim et al., 2008) , aba2-1 (Oh et al., 2009), ga1 (salk_109115; Oh et al., 2006), abi3-sk11 (salk_023411; Park et al., 2011) , abi3-sk22 (salk_138922, also known as S138922; Kotak et al., 2007), and abi5-8 (salk_013163; Zheng et al., 2012) mutants were obtained from the Arabidopsis Stock Centers (Alonso et al., 2003) , and all of them are in the Col-0 background. The aba2 ga1 double mutant was generated by crossing the aba2-1 and ga1 mutants. The abi3-sk11 and abi3-sk22 mutant seeds were used immediately after harvesting due to a rapid decrease of seed viability after harvesting (Park et al., 2011) . The sly1-10 mutant (Landsberg erecta background) backcrossed with Col-0 three times was used for ChIP assays . The DELLA pentuple mutant (rga-28 gai-t6 rgl1 rgl2 rgl3-3; dellaP; Park et al., 2013) , 35S-driven MYC-tagged GFP-overexpressing line (GFP-MYC; Oh et al., 2007) , GAIoverexpressing line (GAI-MYC; Oh et al., 2007) , 35S-driven FLAG-tagged GFP-overexpressing line (GFP-FLAG; Park et al., 2013) , and ABI3-overexpressing line (ABI3-FLAG; Park et al., 2011) were previously reported.
To generate 35S-driven FLAG-tagged SOM-overexpressing lines (SOM-FLAG1 and SOM-FLAG2) and ABI5-overexpressing lines (ABI5-FLAG1 and ABI5-FLAG2), SOM and ABI5 coding regions were cloned into a binary vector and transformed into Col-0 plants using Agrobacterium tumefaciensmediated floral dipping protocol (Clough and Bent, 1998) . The primer sets for cloning are listed in Supplemental Table 1 online.
Germination Assays
Germination assays were performed as described previously (Kim et al., 2008) except the inclusion of high-temperature treatment. For the germination assays, triplicates of 40 seeds for each line were surface sterilized, sown on aqueous agar medium plates (0.1 strength Murashige and Skoog [MS], 0.05% MES, pH 5.7, and 0.6% phytoagar), irradiated with 5 min of farred light (3.2 mmol m 22 s 21 ) followed by red light (18.3 mmol m 22 s 21 ), and incubated in the dark for 5 d at 23°C or higher temperatures. Germination was judged by the protrusion of the radicle and the frequency was scored. For each germination assay, at least three biological replicate experiments were performed.
Quantitative mRNA Expression Assays
For the gene expression analysis, RNA was extracted from imbibed seeds that were irradiated with 5 min of far-red light (3.2 mmol m 22 s 21 ) followed by red light (18.3 mmol m 22 s 21 ) and incubated in the dark for 12 h either at 23 or at 32°C. Total RNA was extracted using the Spectrum Plant Total RNA kit (Sigma-Aldrich) according to the manufacturer's protocol. For quantitative RT-PCR, 3 mg of total RNA was reverse transcribed, and the relative mRNA level of each gene was determined by real-time PCR (Bio-Rad) using specific primer sets by comparison with the level of PP2A (AT1G13320). The primer sets for real-time PCR are indicated in Supplemental Table 1 online. The detailed protocol of real-time PCR was previously described (Park et al., 2011) .
Protoplast transfection assays were performed as described previously using protoplasts made from 4-weak-old Col-0 rosette leaves (Yoo et al., 2007; Park et al., 2011) . The firefly luciferase gene linked to the SOM promoter was used as a reporter. The 35S-driven ABI3 (35S:ABI3), 35S:GAI, and 35S:GFP were used as transcription effectors. For heat treatment, transfected protoplasts were incubated in the dark for 13 h at 23°C and were further incubated in the dark for 3 h either at 23 or 37°C. Luciferase activity was measured using the dual-luciferase reporter assay kit (Promega) according to the manufacturer's protocol.
Generation of Antibodies
The anti-SOM antibody was generated against the recombinant C-terminal 200 amino acids of SOM in rabbits. The anti-ABI3 antibody was generated against the recombinant N-terminal 235 amino acids of ABI3 in rabbits. The anti-ABI5 antibody was generated against a peptide of ABI5 (RKRKQQY-FESLKSRA) in rabbits. The anti-RGA antibody was previously reported . The primer sets for cloning are listed in Supplemental Table 1 online.
Protein Extraction and Immunoblotting Assays
To analyze protein levels, total protein was extracted from imbibed seeds that were irradiated with 5 min of far-red light (3.2 mmol m 22 s 21 ) followed by red light (18.3 mmol m 22 s 21 ) and incubated in the dark for 12 h either at 23 or 32°C. Seeds were ground in liquid nitrogen and homogenized in the denaturing buffer (100 mM NaH 2 PO 4 , 10mM Tris•Cl, and 8 M urea, pH 8) by vigorous vortexing. Cell debris was removed by centrifugation at 14,500 rpm for 10 min at 4°C. The protein samples were added with the SDS sample buffer (12 mM Tris•Cl, pH 6.8, 5% glycerol, 0.4% SDS, 1% b-mercaptoethanol, and 0.02% bromophenol blue), boiled for 5 min, and subjected to immunoblotting assays as described previously (Park et al., 2011) . As the loading control, anti-RPT5 (Enzo) or antitubulin (SigmaAldrich) antibody was used. Bands were visualized with an enhanced chemiluminescence kit (Pierce), according to the manufacturer's protocol.
ChIP Assays
The ChIP assays were performed as described previously (Park et al., 2011) . Seeds were irradiated with 5 min of far-red light (3.2 mmol m 22 s 21 ) followed by red light (18.3 mmol m 22 s 21 ), incubated in the dark for 6 h either at 23 or 32°C, and sampled for the ChIP assays. For Col-0 and sly1-10 mutant seeds, antibodies against endogenous ABI3, ABI5, or RGA were used for the ChIP assays. For 35S-driven GAI-MYC, ABI3-FLAG, and ABI5-FLAG1 transgenic seeds, anti-MYC antibody (Cell Signaling) or anti-FLAG antibody-conjugated resin (Sigma-Aldrich) were used for the ChIP assays. The coprecipitated level of each DNA fragment was quantified by real-time PCR using specific primer sets and normalized with the input DNA level. The relative coprecipitated levels of F1 or PP2A (immunoprecipitated DNA/input DNA) were set to 1. The primer sets for real-time PCR are listed in Supplemental Table 1 online.
In Vitro Coprecipitation Assays
To purify recombinant MBP-fused ABI3 (MBP-ABI3), group A bZIP proteins (MBP-ABI5, MBP-DPBF2, MBP-ABF1, and MBP-ABF2), and GST-fused GAI protein (GST-GAI), each coding region was cloned into pMAL-c2X (for MBP) or pGEX-4T-1 (for GST) vectors. The primer sets for cloning are listed in Supplemental Table 1 online. MBP-fused proteins were purified from BL21 Escherichia coli using the pMAL protein fusion and purification system (New England Biolabs), whereas GST-fused proteins were purified using the Glutathione Sepharose 4B (GE Healthcare), according to the manufacturers' protocols. The in vitro coprecipitation assays were performed as described previously (Park et al., 2011) . In brief, resin-bound MBP or MBP-fused proteins were incubated with GST-GAI protein at 4°C for 3 h in the binding buffer (50 mM Tris•Cl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% Triton X-100, 0.05% Na-deoxycholate, 10% glycerol, 0.1 mg/mL BSA, 1 mM PMSF, and protease inhibitor cocktail). After washing three times with the washing buffer (50 mM Tris•Cl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.1% Triton X-100, 0.05% Na-deoxycholate, 10% glycerol, 1 mM PMSF, and protease inhibitor cocktail), bound proteins were eluted by boiling in SDS sample buffer and subjected to immunoblotting assays using anti-MBP or anti-GST antibody (Santa Cruz).
In Vivo Coprecipitation Assays
In vivo coprecipitation assays were performed in 35S-driven GFP-FLAG, ABI3-FLAG, and ABI5-FLAG1 transgenic seedlings. Five-day-old, lightgrown seedlings were transferred to MS-agar plates containing 100 mM paclobutrazol and further grown for 3 d before sampling. Seedling samples were ground in liquid nitrogen and homogenized in the extraction buffer (50 mM Tris•Cl, pH 7.5, 100 mM NaCl, 0.1% Nonidet P-40, 1 mM PMSF, 80 mM MG132, and protease inhibitor cocktail) by vigorous vortexing. Cell debris was removed by centrifugation at 14,500 rpm for 10 min at 4°C. From the cell extract, FLAG-tagged proteins were precipitated with an anti-FLAG antibody-conjugated resin (Sigma-Aldrich). Coprecipitated proteins were determined by immunoblotting assays with anti-RGA antibody.
Coprecipitation assays were also performed by agroinfiltration (Li et al., 2009) . For this experiment, 5-d-old, light-grown 35S-driven transgenic seedlings were inoculated with Agrobacteria harboring 35S-driven GFP-MYC or gaiD-MYC vectors and incubated for 36 h in the dark before sampling. For the assay, MYC-tagged or FLAG-tagged proteins were precipitated with anti-MYC or anti-FLAG antibody, respectively.
Microarray Data Analysis
Genes regulated by high temperature, ABA, and GA in imbibed seeds were determined from previously published microarray data (Goda et al., 2008; Chiu et al., 2012) . For high-temperature-inducible genes (log 2 FC > 0.85, P < 0.05), Col-0 seeds were imbibed in water at 21 or 32°C for 24 h under the continuous light (Chiu et al., 2012) . For ABA upregulated genes (GSE5700 from the National Center for Biotechnology Information Gene Expression Omnibus database, log 2 FC > 0.85, P < 0.05), Col-0 seeds were imbibed in mock conditions or 30 mM ABA for 24 h at 22°C under continuous light (Goda et al., 2008) . For GA downregulated genes (GSE5701 from the National Center for Biotechnology Information Gene Expression Omnibus database, log 2 FC < 20.85, P < 0.05), ga1-3 seeds were imbibed at 4°C in the dark for 48 h and then incubated for 24 h under white light at 22°C. Then, the seeds were further incubated in mock or 5 mM GA 4 for 9 h under white light (Goda et al., 2008) . The overrepresentation of a subset of genes and cis-acting elements in promoters was analyzed using hypergeometric (Fisher's exact) test.
The regulation of subset D genes by ABI3, ABI4, and ABI5 was examined by heat map and GSEA using previously reported microarray data of abi3-6 (E-MEXP-1941 from EMBL-EBI database; Nakashima et al., 2009) or abi4-11 and abi5-7 mutant dry seeds (Nakabayashi et al., 2005) . GSEA was conducted with GSEA software version 2.0.12 following the user guide (http:// www.broadinstitute.org/GSEA; Subramanian et al., 2005) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: SOM (AT1G03790), ABA2 (AT1G52340), GA1 (AT4G02780), ABI3 (AT3G24650), RGA (AT2G01570), GAI (AT1G14920), RGL1 (AT1G66350), RGL2 (AT3G03450), RGL3 (AT5G17490), ABI5 (AT2G36270), DPBF2 (AT3G44460), ABF1 (AT1G49720), ABF2 (AT1G45249), EEL (AT2G41070), SLY1 (AT4G24210), Em6 (AT2G40170), SCL3 (AT1G50420), Em1 (AT3G51810), HON (AT1G07430), and PP2A (AT1G13320).
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